Viroids are plant subviral pathogens whose genomes are constituted by a single-stranded and covalently closed small RNA molecule that does not encode for any protein. Most of the 29 described viroid species fold into a rodlike or quasi-rodlike structure, whereas a few of them fold as highly branched structures. In a previous study, we used RNA thermodynamic secondary structure prediction algorithms to compare the mutational robustness of all viroid species. Here we used the same approach to explore the sign and strength of epistasis among pairs of random mutations. We found that antagonistic interactions were more abundant than synergistic ones. However, despite their lower frequency, synergistic interactions tended to be more intense. Mutational robustness and the intensity of epistasis were correlated such that viroid species with large average mutational effects showed stronger antagonistic epistasis, whereas viroids with mild average mutational effects showed weaker antagonistic interactions. The strength of antagonistic epistasis decreased with genome complexity as a consequence of the gained robustness of duplicated genomes. In good agreement with our previous finding of an evolutionary trend toward increased robustness, we now found a trend toward reduced antagonistic epistasis.
Introduction
Epistasis, defined as the interaction between different genetic loci in determining a phenotype, is a key factor in evolutionary genetics. The existence and abundance of epistasis is important for many different evolutionary theories, including those seeking an explanation for the origin and maintenance of sexual reproduction (Kondrashov 1998) , diploidy (Kondrashov and Crow 1991) , dominance (Hill 1982; Peck and Waxman 2000) , reproductive isolation (Coyne 1992) , and the shifting-balance process (Wright 1982; Whitlock et al. 1995; Gavrilets 1999) . Much effort has been invested in finding and characterizing epistasis. Unfortunately, much of this effort has been futile because few data sets unquestionably indicate whether deleterious mutations typically have multiplicative effects or, whether in contrast, they tend to interact synergistically (i.e., on average, each new mutation has progressively more effect) or antagonistically (i.e., successive mutations are less damaging).
During the recent years, we have been witnessing an increasing interest on the topic of robustness (de Visser et al. 2003) and its relationship to epistasis . It has been suggested that the contribution of epistasis among deleterious mutations depends on the magnitude of mutational effects (Lenski et al. 1999; Wilke and Adami 2001; You and Yin 2002; Wilke et al. 2003) and genetic compactness (Edlund and Adami 2004) . Recent work with artificial networks has shown that synergistic epistasis can arise as a by-product of selection for mutational robustness (Azevedo et al. 2006) . Conversely, theory and computational work have predicted that antagonistic epistasis should appear in very compact genomes with frequent functional overlapping, a feature that should also result in low mutational robustness (Wilke and Adami 2001; Edlund and Adami 2004) . In the case of RNA genomes, the abundance of secondary structures should also contribute to generating antagonistic epistasis in the form of compensatory mutations (Wilke et al. 2003; Sanjuán 2006) .
Viroids are plant pathogens whose genomes are constituted by a small (246-401 nt long) single-stranded, circular, and covalently closed RNA molecule with a high degree of selfcomplementation, resulting in a compact folding. Indeed, this RNA folding represents, together with the induced symptoms in susceptible plants, the only identifiable phenotype of most viroids. Viroids, in contrast with viruses, do not encode for any protein, entirely relying on the host's translational and transcriptional factors to complete their infectious cycle. The current taxonomic classification of viroids (Flores et al. 2005 ) is supported by phylogenetic studies (Elena et al. 1991; Elena et al. 2001 ) along with structural and phenomenological properties (for a list of known viroids, Sanjuán et al. 2006 , Table 1 ). Twenty-five out of the 29 known species of viroids belong to the family Pospiviroidae (PSTVd being the type species naming the family). Pospiviroid adopts in vitro a rodlike or quasi-rodlike secondary structure of minimal energy with 5 structural domains. The family is divided into 5 genera depending on the presence/absence of some of these domains. The other 4 viroids form the family Avsunviroidae (named after ASBVd, the type member of the family). In general, Avsunviroid RNAs do not fold into rodlike structures but into less organized, branched shapes.
RNA secondary structure folding is a well-studied model system. The folding of RNA sequences into secondary structures is a simple but biophysically well-grounded and powerful model for studying the mapping relationships between genotype and phenotype (Fontana 2002) . The secondary structure of an RNA molecule is taken as a predictor of the fitness of the underlying sequence (Schultes et al. 1999; Ancel and Fontana 2000; Fontana 2002; Ancel Meyers et al. 2004 ). However, some limitations have to be acknowledged to this approach: for example, the accuracy of the predicted folding decreases as the length of the molecule increases and tertiary structure elements (as for example, pseudoknots) are ignored. In general, in silico studies on the folding properties of RNA molecules show that the map between genotypic (sequence) and phenotypic (folding) spaces is not one-to-one because the sequence space contains extensive neutral networks connecting neighbors that fold into identical structures Schuster and Fontana 1999) .
The present study is the second of a 2-series paper in which we explore mutational effects on viroid predicted secondary structure. In the first study , we focused on the effect of single mutations and showed that 1) the distribution of single-mutation effects was highly skewed, with a high frequency of small effects and a flat tail of strong effects, with neutrality values ranging between 17% and 26%; 2) Structural robustness increased during viroid evolution; 3) Robustness was in part due to the existence of neutral neighbors folding in the same structure; 4) The Pospiviroidae rodlike structures were more robust than the Avsunviroidae branched structures; 5) Partial genome duplications contributed to increase the robustness of viroid molecules; and 6) Mutational robustness was unlikely to have evolved as a correlated response to selection for environmental robustness. In this second paper, we extend our previous findings by seeking for the sign and strength of epistatic interactions in viroid RNA secondary structure, and we assess the contribution of compensatory mutations to the overall pattern of epistasis. Next, we show that mutational robustness and epistasis are correlated such that viroid species with large average mutational effects have stronger antagonistic epistasis, whereas viroids with mild average mutational effects have weaker antagonistic epistasis. We finally explore 2 consequences of this correlation: 1) in increasing mutational robustness, partial genome duplications also decrease the frequency of antagonistic interactions; and 2) concomitant to the evolution of robustness, there is an evolutionary trend toward relaxed antagonistic epistasis.
Materials and Methods

Viroid Sequences
The sequences of each viroid species listed in table 1 were downloaded from the National Center for Biotechnology Information Web site (http://www.ncbi.nlm.nih.gov/ genomes/VIRUSES/12884.html).
RNA Folding and Folding Robustness
RNA minimum free-energy secondary structures (MFESS) were computed using the algorithm implemented in the RNAfold program of the ViennaRNA Package, version 1.5 . Folding temperature was set to 25°C. Comparison among MFESS was done using the RNAdistance program of the same package . This comparison gives a Hamming distance, d i,j , between the bracket notations of both secondary structures. NOTE.-Signs test, *P , 0.05; **P , 0.01; ***P , 0.001.
For every viroid, the impact of all possible 3L (L, genome length) 1-error mutants on the predicted MFESS was evaluated by calculating the Hamming distance to the wildtype (wt) secondary structure. Mutational effects s(d i,wt ) were scaled to genome length: s(d i,wt ) 5 d i,wt /L. For each viroid, 3L double mutants were created by randomly sampling pairs of mutations from the above set of single mutants. The standard definition of the epistasis coefficient is e ij 5 W ij ÿ W i W j , where W refers to fitness and W i W j is the expected multiplicative fitness of the double mutant (Wolf et al. 2000) . However, we could not treat Hamming distances multiplicatively because there is no evidence that Hamming distances are proportional to fitness effects. Indeed, we observed that in 86.69% of all mutation pairs, the distance from the double mutant to the wild type was exactly equal to the sum of distances from each single mutant to the wild type. Therefore, because Hamming distances were mostly additive, the epistasis coefficients between pairs of mutations was computed as e ij 5 s(
. This definition was chosen to maximize the number of cases in which e ij 5 0 (for all viroid species, the mode of e ij was zero). Values e ij . 0 indicated antagonistic epistasis and e ij , 0 indicated synergistic epistasis. The results reported here could only be directly extrapolated to fitness if W i 5 exp(ÿCd i,wt ), C being a scaling constant.
As an alternative metric, we used the plastic Hamming distance (Ancel and Fontana 2000) . Instead of finding only the MFESS, all structures within a range of energy (here, 60.5 kcal/mol) are taken into account. For each mutant, Hamming distances to the wild type were computed for each of these structures and an average distance calculated, where the time spent on each structure, as determined by its thermodynamic stability, was used to weight the average (Ancel and Fontana 2000) . Despite being sometimes fuzzier, the results were qualitatively consistent with those obtained for the simple Hamming distance. Results obtained with this plastic measure would not be reported throughout the text.
When correlations between characters were analyzed, the pairs of data could not be considered as independently drawn from the same distribution because viroid species are part of a hierarchically structured phylogeny. This nonindependence was circumvented by taking into account the phylogenetic relationships between species (Elena et al. 2001 , Fig. 2 ) and using the independent contrast method (ICM, Felsenstein 1985) .
PERL scripts were written for automating all the necessary computations and comparisons involving programs from the ViennaRNA package. These scripts are available upon request. All simulations were performed on a 12-node Linux cluster. Statistical analyses were done using the SPSS package v12.0 (http://www.spss.com).
Results
Sign and Intensity of Epistasis
All 3L pairs of random mutations were classified into 3 categories depending on whether they interacted additively, synergistically, or antagonistically (table 1). In most cases (86.69%), Hamming distances were strictly additive (e ij 5 0). However, when pairs of mutations were involved in a nonadditive way, antagonistic interactions (e ij . 0) were significantly more abundant than synergistic (e ij , 0) ones in 28 of the viroid species (signs tests; P , 0.0001 in all cases except for PSTVd [P 5 0.0022], CCCVd [P 5 0.0030], and ASSVd [P 5 0.0143]). CBLVd was the only case in which the number of antagonistic and synergistic interactions was approximately equal (P 5 0.3963). IrVd-1 was the viroid species showing the largest additivity (91.44%), GYSVd-1 showed the largest fraction of pairs of mutations involved in synergistic interactions (11.26%), whereas PBCVd showed the largest fraction of antagonistic pairs (41.16%) and the lowest additivity (50.90%) on RNA structure.
Average e ranged from slightly synergistic (ÿ0.0128 for MPVd) to strongly antagonistic (0.1286 for PCBVd), whereas the standard deviation ranged from 0.0103 (for CCCVd) to 0.3382 (for GYSVd-1) (table 2). Despite antagonistic epistasis being clearly more abundant, the average epistasis coefficient turned out to be negative in 9 species. This occurred because synergistic interactions, despite their lower frequency, tended to be more intense. Synergistic interactions were significantly stronger than antagonistic interactions in 12 species (Mann-Whitney tests, P 0.0219), whereas the contrary occurred in only 2 species (PLMVd and CEVd). Indeed, in 8 out of the 9 cases where the average epistasis coefficient was negative, the skewness of the distribution was significantly negative, dragging mean epistasis coefficients toward negative values (table 2) .
To explore whether the taxonomic relationships between viroids would account for the differences observed in epistasis among random pairs of mutations, we computed a model II nested analysis of variance in which species were nested within genera and genera within families. The error term of the model was constructed by looking at differences between all 3L random pairs of mutation for each viroid species. Table 3 reports the results of this analysis. Significant differences in epistasis were detected among species belonging to the same genus, although only 4.33% of total epistasis variance could be explained by differences between species. Significant differences were detected neither among genera belonging to the same family nor among families.
Most viroid species fold into a rodlike or quasi-rodlike structure, whereas some do as branched conformations. The number of hairpin loops in each MFESS can be used as an indicator of how branched a structure is. Viroids folding into a rodlike conformation have 2 hairpin loops, whereas this number increases up to 11 for CChMVd, the most branched viroid. We observed that the fraction of additive interactions negatively correlated with the number of hairpin loops (ICM, r 5 ÿ0.7016, 25 df, P , 0.0001). Conversely, antagonistic interactions tended to be more frequent in structures with more hairpin loops (ICM, r 5 0.7057, 25 df, P , 0.0001), and though less stressed, the same qualitative pattern was observed for synergistic interactions (ICM, r 5 0.4185, 25 df, P 5 0.0298).
To go further into the structural details responsible for the observed pattern of epistasis, we chose 5 species with increasing numbers of structural domains (i.e., hairpin loops). PSTVd, which folds into the prototypic rodlike MFESS; CSVd, which adopts a cruciform MFESS with 4 hairpin loops; PBCVd, with the most branched folding among Pospiviroid, with 6 hairpin loops; and 2 highly branched members from the Avsunviroidae family, PLMVd (9 hairpin loops) and CChMVd. Regarding the 4 branched structures, we found that in all 4 species, epistasis was more frequent (42.12%) among mutational pairs hitting the same structural domain than among pairs hitting different domains (30.37%) (Fisher's exact test, P , 0.0001 in all 4 species). For PSTVd, at best, a single structural domain can be distinguished, the entire rod. We hence mapped the nucleotidic position of each mutational pair to test whether mutations hitting nearby positions tended to show more epistasis. Figure 1A shows the positions of antagonistic pairs along PSTVd sequence and, for the sake of comparison, for PLMVd sequence (fig. 1B) . We concluded that mutation pairs hitting nearby positions in the secondary structure were more prone to be engaged in antagonistic epistasis. Additionally, antagonism occurred preferentially in short hairpins. For synergistic interactions, we did not detect a clear structural clustering.
The Roles of Compensatory Mutations and Multiple Hitting
It has been previously reported that compensatory mutations may produce an excess of antagonistic epistasis in RNA secondary structures (Wilke et al. 2003) . Alternatively, because viroids have extremely short genomes, it is plausible that multiple mutations may repeatedly hit the same structure. If the first mutation has seriously affected the ability to fold in a given structure, or even entirely prevented its formation, then the second mutation will more likely be neutral for this structure, and therefore, this case will be counted as antagonistic epistasis.
Two categories of compensatory mutations can be distinguished. First, strictly compensatory mutations are those )g; in other words, the effect of the double mutant on MFESS is smaller than the effect of at least one of the single mutations. For each viroid species, we counted how many pairs of mutations belonged to each category. If compensatory mutations were entirely responsible for the observed pattern of epistasis, such excess of antagonistic cases would not exist anymore after removing pairs of compensatory mutations from the data set. Table 1 shows the percentages of antagonistic interactions after removing each class of compensatory pairs. Across viroid species, strictly compensatory cases represented only 0.38% of all mutation pairs. When these cases were removed from the analysis, epistasis still remained significantly antagonistic for 28 species (table 1) . Broad-sense compensatory mutations represented 7.26% of all mutation pairs. Even when all broad-sense cases were excluded from the analysis, epistasis remained significantly antagonistic in 10 viroid species, whereas it was synergistic only in CBLVd (table 1, P 5 0.0133). We concluded that compensatory changes are not the only factor that contributes to creating antagonistic epistasis in viroid secondary RNA structures and that, therefore, multiple hitting of the same structural element makes also a significant contribution. Figure 1 provides some insights into the physical mapping of these 2 types of mutations. For PSTVd, the mutation pairs showing antagonistic epistasis clearly tended to group along 2 diagonals. Those pairs falling along the ''direct'' diagonal revels the multiple hitting effect of the same structure, whereas cases falling along the ''reverse'' diagonal correspond to the complementary part of the rod and, hence, can indicate multiple hitting or compensatory effects. Strictly compensatory mutations fall nearly exclusively in the ''reverse'' diagonal. This pattern is only visible for the largest stem of PLMVd. Synergistic cases did not follow a clear pattern (not shown).
Correlation between Robustness and Epistasis
We sought to investigate the relationship between mutational robustness (as determined by the average mutational effect) and the strength of epistatic interactions in viroid sequences. Figure 2 shows the relationship between the average mutational effects estimated for each viroid species and their corresponding e values. The value of the correlation coefficient was significantly positive (ICM, r 5 0.8773, 25 df, P , 0.0001). To rule out the possibility that this result was driven by differences in genome length, we repeated our calculations using the Hamming distance as a direct indicator of the mutational effect, that is, without dividing by genome length. After doing so, the above correlation remained nearly unchanged (ICM, r 5 0.8593, 25 df, P , 0.0001). Therefore, we concluded that epistasis and mutational effects are not independent traits but, instead, may evolve hand-by-hand: a reduction in the magnitude of mutational effects (i.e., an increase in robustness) is associated with a reduction in the magnitude of antagonistic epistasis.
Genetic Redundancy Relaxes Antagonistic Epistasis
Taking advantage of the existence of 3 viroid species for which natural variants with partial genome duplications have been isolated, we previously observed that robustness and genetic redundancy were positively correlated . Compared with the reference variant, CEVd C (the one that appears in tables 1 and 2), variant D-104 contains a duplication of 104 nt that affects the right terminal domain of the folded molecule. Similarly, compared with the reference variant, CCCVd fast (the one used in tables 1 and 2), CCCVd slow presents a duplication of 41 nt at the right terminal domain. These 2 cases represent paradigmatic examples of partial duplications of structural elements. The case of CbVd-1 and CbVd-3 is somehow more complex. CbVd-1 is the shortest and CbVd-3 the largest among the Coleviroid (116 nt longer). However, differences in length result both from insertions of short stretches of nucleotides in both the upper and lower strands of the rodlike structure and from the addition of terminal loops to the shorter CbVd-1 molecule. Although this case does not strictly represent a duplication event, certainly it represents another instance of extra genetic material. If duplicated genomes are less sensitive to the effect of mutations ) and the magnitude of mutational effects correlates with the intensity of antagonistic epistasis, then now we should expect antagonistic epistasis to be less common in genomes containing duplications than in unitary ones.
To test this prediction, we obtained all 3L pairs of random mutations for the 3 complex variants. As before, pairs were classified as additive, synergistic, or antagonistic. Figure 3 illustrates the effect of genetic redundancy on the percentage of pairs showing antagonistic and additive interactions. A Spearman's partial correlation coefficient, controlling for viroid species, showed that the number of antagonistic interactions significantly decreased as genome redundancy increased (q 5 ÿ0.8783, 3 df, 1-tailed P 5 0.0250), with a concomitant increase in the number of additive interactions between random pairs of mutations (q 5 0.8783, 3 df, 1-tailed P 5 0.0250). (The number of synergistic interactions did not change with increased genome redundancy [q 5 ÿ0.0976, 3 df, 1-tailed P 5 0.4380].)
In good agreement, for all 3 viroid species e was reduced. In the case of CbVd-3, the reduction was highly significant (Mann-Whitney test, P , 0.0001), and e even became synergistic (table 2) . However, the magnitude of the reduction was significant neither for CCCVd slow (D e5 ÿ 58:03%; P 5 0.8281) nor in the case of CEVd D-104 (D e5 ÿ 20:27%; P 5 0.1307).
We have interpreted the above results as a consequence of redundant genomes being more robust. However, an alternative explanation exists: our metric is corrected per genome length and this might produce lower epistasis coefficients in longer genomes. To rule out this possibility, we computed a correlation coefficient between epistasis and genome length. If the alternative hypothesis was true, then a negative correlation is expected among these variables. Obviously, to avoid confounding effects, CbVd-3 was excluded from this computation. A negative, but not significant, correlation was found (ICM, r 5 ÿ0.1708, 24 df, P 5 0.4042), which suggests that, if any, the effect of genome length was not large enough to explain the change in epistasis observed for CCCVd slow, CEVd D-104, and CbVd-3.
An Evolutionary Trend toward Reducing Antagonistic Epistasis
As mentioned in Introduction, in the first paper of this series, we found an evolutionary trend toward increased robustness during viroid phylogenetic radiation ). Because epistasis is correlated to mutational effects, whatever evolutionary force favored the evolution of increased robustness, a concomitant evolutionary trend toward reduced antagonistic epistasis should be observed. To test this prediction, we mapped e into the phylogenetic tree proposed by Elena et al. (2001) . The root of this phylogenetic tree was placed by comparing viroid sequences with viroidlike (the so-called virusoids) and linear RNA satellites of viruses, with which they share certain structural properties (Diener 1989 (Diener , 1991 Elena et al. 1991 Elena et al. , 2001 . Figure 4 shows the estimated e for each genus (calculated as the average e over all members in the genus) along with the phylogenetic tree linking the different genera. According with this tree, the split between Pelamoviroid and Avsunviroid took place earlier on during the phylogenetic radiation of viroids, whereas Hostuviroid, Pospiviroid, and Cocadviroid were the most recently divergent genera. Notice that ELVd was excluded from the analysis because its exact location in the phylogenetic tree has not been determined yet. We assigned a rank order to each node, starting from the oldest one and using tied ranks for genera derived from unresolved nodes. We found a negative correlation between the above ranks (i.e., phylogenetic deepness) and the average epistasis coefficient (r 5 ÿ0.6861, 26 df, P 5 0.0001). This suggests that during their evolutionary radiation, viroids changed their genomic architecture from one characterized by lower mutational robustness and stronger antagonistic epistasis (the branched structures typical of Avsunviroidae) toward another characterized by higher mutational robustness and weaker antagonistic epistasis (the rodlike conformation typical of Pospiviroidae).
Discussion
Although evolutionary biologists have been interested in epistasis for decades, this interest has recently been bolstered by the relationship between epistasis and mutational robustness, one of the hottest topics in current evolutionary research (Barkai and Leibler 1997; Bornholdt and Sneppen 2000; von Dassow et al. 2000; de Visser et al. 2003; Wilke et al. 2003; Hermisson and Wagner 2004; Kitano 2004; Stelling et al. 2004; Wagner 2004; Azevedo et al. 2006; Elena et al. 2006) . We have found a negative correlation between mutational robustness and the strength of antagonistic epistasis ( fig. 2 ). This correlation seems to be a ubiquitous phenomenon that has been observed with digital organisms (Wilke and Adami 2001) , in in silico models of bacteriophage T7 infectious cycle (You and Yin 2002) and in simulated RNA folding (Wilke et al. 2003) . The dependence of epistasis on mutational effects means that both parameters cannot be evolutionarily optimized independently. If robustness evolves, then the strength of antagonistic epistasis should be relaxed. This prediction is confirmed by our comparative analyses of robustness , Fig. 1 ) and epistasis ( fig. 4) across viroid genera.
A causal connection between synergistic epistasis and mutational robustness can be established with the following argumentation. Robustness should occur when an organism carries several copies of the same gene (duplications or polyploidy) or through biochemical buffering mechanisms as parallel metabolic pathways, repair systems, or chaperone proteins. In such organism, mutations may accumulate without noticeably affecting the phenotype. However, after the redundant functions/buffering mechanisms have been knocked out by mutation, the organism will start manifesting the effect of the accumulated load . Therefore, 2 hallmarks for robust systems are 1) single mutations may have mild effects on an organism's fitness and 2) epistasis among mutations should be predominantly synergistic. By contrast, a lack of robustness is expected in haploid genomes that have no duplications, overlapping gene functions, few repair systems, and little ability to buffer mutation in general. In such systems, mutations may have a large impact on fitness, but as they accumulate, their marginal contribution to fitness diminishes . Therefore, 2 characteristic properties for a nonrobust system are that 1) single mutations may have large fitness effects and 2) epistasis among mutations should be predominantly antagonistic.
In excellent agreement with these predictions, it has been clearly established along the last few years that, although variance exists both in the sign and intensity of epistasis, on average, antagonistic epistasis is the rule for RNA viruses (Bonhoeffer et al. 2004; Burch and Chao 2004; Sanjuán et al. 2004b; Sanjuán 2006) and that the average fitness effect associated with point mutations in RNA genomes is larger than values estimated for DNA organisms (Sanjuán et al. 2004a; Elena et al. 2006 ). Here we have extended these results to the case of viroids and found evidences for an excess of antagonistic epistasis among random pairs of mutations affecting their MFESS. According to our results, antagonistic epistasis does not only arise as a consequence of compensatory mutations, as reported for simulated RNA folding (Wilke et al. 2003 ) but also as a consequence of mutations recurrently affecting the same structure.
Despite RNA viruses and viroids clearly adopting a nonrobust strategy compared with much more complex organisms, as eukaryotes or even bacteria, an evolutionary trend toward increased robustness and reduced antagonistic epistasis can still be observed when looking into the evolution of the viroids , Fig. 1 ). This is not contradictory at all because the magnitude of the genomic changes involved in the evolution of viroids is of a much lower order than that leading to the evolution of complex organisms. A clue for understanding how viroids may have evolved increased robustness and decreased antagonistic epistasis may come from work with digital organisms (Edlund and Adami 2004; Misevic et al. 2005) . It has been observed that an increase in genetic compactness (traits encoded per genomic unit) and modularity (both physical and functional) correlates with a tendency toward reducing the strength of antagonistic epistasis. Viroids rely for most of their catalytic functions on host enzymatic systems. Nonetheless, whereas Avsunviroidae still maintain the hammerhead ribozyme structure involved in selfcleavage of replication intermediates, Pospiviroidae have even lost this capability (Flores et al. 2005) . The presence of the hammerhead imposes important structural constraints, likely linked with the branched structure characteristic of the Avsunviroid, and the nucleotide sites involved in correctly establishing the hammerhead are also involved in other structural elements (Flores et al. 2005) . After getting rid of the hammerhead ribozyme, Pospiviroid structures would not anymore be under the functional constraints imposed by the selfcatalysis and, therefore, their structure may evolve from branched towards rodlike, increasing their structural robustness to mutation and showing relaxed antagonistic epistasis.
